Early detection of possible defects in civil infrastructure is vital to ensure timely mainte- 
INTRODUCTION
the experiments were conducted and the results published, the authors noticed degradation 72 of the silver electrodes due to environmental condition. These issues inspired the authors' 73 efforts to develop a robust capacitive-based sensor using the same monitoring principle, with 74 the objective to improve the applicability, robustness, and life cycle of the sensing technology 75 for broad implementation onto civil infrastructure.
76
As it will be demonstrated in this paper, the replacement of materials results in a greatly 77 enhanced robustness, a fundamental property for SHM solutions applied to civil infras-78 tructure. Here, both the dielectric elastomer and the sensing electrodes are replaced with 79 nanocomposites based on a thermoplastic elastomer and the sensor itself has a higher thick-80 ness. It follows that this paper also demonstrates the generality of the sensing principle, and 81 the practical opportunities for improving the technology.
82
The paper is organized as follows. The next section describes the robust capacitive-based 83 sensor. The sensing principle is discussed, the sensor fabrication process is briefly described, to form a stretchable capacitor.
94
The capacitance C of such a sensing patch depends on the surface area A, the thickness 95 d, the vacuum permittivity 0 , and the permittivity of the polymer M :
capacitance, allowing measurement of high precision strain responses. 2.0 kV). Fig. 2 shows the dispersion of the nanoparticles within the polymer matrix. ( Fig. 3(a) ).
146
Subsequent to the fabrication of the elastomeric membrane, stretchable electrodes are 
157
( Fig. 3(a) ). The conductive elastomer solution is brushed onto the membrane, and let
158
drying for 20 min . The process is repeated onto the other side. Because the solvents 159 used to fabricate the membrane and the electrodes are identical, the CB solution is 160 coalesced with the dielectric membrane, forming a uniform conductive layer.
161
The completed process gives a highly stretchable capacitor of known dimensions, shown 
169
Experimental verification of a sensing patch
170
The strain sensing properties of a sensing patch were determined in a tensile tester
171
(Zwick Roell Z005) combined with a capacitance meter (LCR meter, HP 4284A, sampling 172 rate of 100 s −1 ). These experiments were performed using a direct capacitance measurement mode, where the capacitance is measured directly for a freestanding sample, in opposition 174 to a differential measurement mode, where the differential capacitance between two sensors is measured directly. A sample was clamped into the tensile tester on the frame pieces, and metallic leads were connected to the capacitance meter using shielded cable to record 
184
An experiment was also conducted in which parts of the sensing materials have been 185 removed using a regular hole punch (see Fig. 4 (b)). The sample was placed on a stack of 186 paper, then punched through with the hole punch. The diameter of the hole was 14 mm.
187
Afterwards, the sample was characterized as described. Remark that the sample capaci-188 tance was 692.7 pF before the hole was punched, and 667.8 pF after. The capacitance of 189 the removed section was 23.8 pF, for a total of 691.6 pF, which is almost identical to the 190 initial value. This is an indication that the film can survive this disruptive procedure while 191 conserving its sensing properties almost intact.
192
The sensor capacitance with respect to strain is shown in Fig 5 for were made into one patch (a short cut followed by four cuts running over approximately 243 50% of the patch length, see Fig. 7(a) ). The change in differential capacitance after each cut 244 stabilized immediately (Fig. 7(b) ), demonstrating that the sensor was still operational.
245

Strain and Crack Detection on a Wood Specimens
246
A set of experiments have been conducted on wood specimens of dimension 185 × 185 × 247 38 mm (7.25 × 7.25 × 1.5 in). Each test consisted of inducing a flexural crack in the specimen 248 using a three-point load setup, under constant displacement at a rate of 0.500 mm/min until 249 failure. For these tests, the reference sensing patch of identical geometry and comparable 250 capacitance was not glued to the beam, but placed nearby as shown in Fig. 8(d) . The 251 measurement setup is shown in Fig. 8(b) , showing the sensing patch glued to the bottom-
252
center of the wood specimen. Tests have been conducted on a total of five specimens. ure corresponds well with a recovery of the sensor after the specimen was unloaded. After 259 unloading, the measured differential signal change reported by the PSA21-CAP was 28.3%.
260
Remark that the direction of the capacitance signal, in this case positive with increasing 261 strain, depends on the pole connections with respect to the reference sensor. Fig. 8(c) shows 262 the cracked specimen. This crack detection test has been successfully repeated on the four 263 additional specimens.
264
The sensor capability to measure a quasi-static strain history can be determined by 265 computing the correlation capacitance-load, as the load-curvature relationship can be ap-
266
proximated as linear in the case of the 3-point load setup for small deformations. Table ? ? 
318
The good correspondence between visually observable results and the sensor pair curves 319 demonstrated that the sensing skin was capable of both detecting and localizing cracks in 320 the concrete beam.
321
CONCLUSION
322
In this paper, the concept of the sensing skin was substantially improved by developing a 
332
• Low voltage (1-2.5 volts) requirement: capacitance-based measurements only require 333 a fraction of the electrical energy compared to resistance-based strain sensors.
334
• Easy to install: the sensor can be applied easily on irregular surfaces using off-the-shelf 335 epoxy and necessitates minor surface preparation.
336
• Customizable surface monitoring: shapes and sizes of the electrodes sandwiching the 337 polymer can be user-defined.
338
• Robust with respect to physical damages: damaged sensing patches can still be used 339 for measuring strain.
340
• Damage localization: individual sensor pairs can localize damage, and the polarity of 341 a signal change may give further precision within a sensor pair. 
